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Abstract: Understanding the long-term fate and potential mechanisms of mesenchymal stem 

cells (MSCs) after transplantation is essential for improving functional benefits of stem cell-

based stroke treatment. Magnetic resonance imaging (MRI) is considered an attractive and 

clinically translatable tool for longitudinal tracking of stem cells, but certain controversies have 

arisen in this regard. In this study, we used SPION-loaded cationic polymersomes to label green 

fluorescent protein (GFP)-expressing MSCs to determine whether MRI can accurately reflect 

survival, long-term fate, and potential mechanisms of MSCs in ischemic stroke therapy. Our 

results showed that MSCs could improve the functional outcome and reduce the infarct volume 

of stroke in the brain. In vivo MRI can verify the biodistribution and migration of grafted 

cells when pre-labeled with SPION-loaded polymersome. The dynamic change of low signal 

volume on MRI can reflect the tendency of cell survival and apoptosis, but may overestimate 

long-term survival owing to the presence of iron-laden macrophages around cell graft. Only a 

small fraction of grafted cells survived up to 8 weeks after transplantation. A minority of these 

surviving cells were differentiated into astrocytes, but not into neurons. MSCs might exert their 

therapeutic effect via secreting paracrine factors rather than directing cell replacement through 

differentiation into neuronal and/or glial phenotypes.

Keywords: mesenchymal stem cells, magnetic resonance imaging, superparamagnetic iron 

oxide nanoparticles, polymersome, ischemic stroke, green fluorescence protein

Introduction
Stroke is the most common cause of adult-acquired long-term disability and a major 

cause of death worldwide.1 Transplantation of mesenchymal stem cells (MSCs) has 

emerged as a novel and promising candidate strategy for the treatment of stroke owing 

to their multipotential, immunomodulatory, and immunodepressive properties, as well 

as the ease to isolate and expand them.2,3 Numerous animal studies and preliminary 

clinical trials have investigated the performance of MSCs in stroke therapy.2–5 Despite 

the success of MSCs in improving animal stroke outcomes,2,3 recent clinical trials 

have indicated that the therapeutic benefit of MSCs remained limited in the treat-

ment of stroke patients.4,5 This unexpected, suboptimal therapeutic outcome might 

be associated with the poor survival, retention, and engraftment of transplanted stem 

cells.6–8 Therefore, knowledge of the long-term fate of stem cells including survival, 

biodistribution, migration, and differentiation after transplantation is essential for 

improving functional benefits of MSC-based stroke treatment. Monitoring of the fate 

of therapeutic cells is typically achieved by postmortem histological analysis at prede-

termined time points after cell transplantation – which is laborious and invasive and, 
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thus, cannot elucidate the long-term retention of transplanted 

cells in the same living organism.

Cellular magnetic resonance imaging (MRI) is considered 

an attractive and clinically translatable tool for longitudinal 

tracking of stem cells because of its noninvasiveness, deep 

tissue penetration, lack of irradiation, superior spatial resolu-

tion, as well as the capacity for high sensitivity, low toxicity, 

and biocompatibility necessarily associated with cellular 

labeling.9 At present, in vivo real-time tracking of stem cells 

has been well established in ischemic stroke, which is mainly 

based on MRI of superparamagnetic iron oxide nanoparticles 

(SPION)-labeled stem cells.10–12 However, SPION-based 

MRI does not provide reliable information on long-term 

cell viability and might overestimate the survival of SPION-

labeled therapeutic MSCs in myocardial infarction.13,14 The 

ability of SPION-based MRI to reliably evaluate long-term 

cell engraftment and survival remains controversial. Further 

studies have shown that long-lasting hypo-signal intensity 

on MRI mainly originated from macrophages that engulfed 

SPION,15,16 or from extracellular iron particles that persisted 

in the interstitial space after the grafted labeled cells died.17 

However, almost all of these investigations mainly focused 

on cell fate in myocardial infarction. The long-term fate of 

transplanted stem cells and their relationship with dynamic 

signal changes on MRI in ischemic stroke remain unclear 

and need to be elucidated.

MSCs might exert therapeutic effects in experimental 

stroke models via multiple mechanisms, such as differentiation 

into cell types relevant to repair, modulation of the immune 

system, promotion of angiogenesis and neurogenesis, or 

secretion of neuroprotective and neurotrophic factors.18,19 

Initially, it was assumed that transdifferentiation of MSCs 

into neuronal and glial cells to replace damaged cells 

might play a pivotal role in stroke recovery.18,20 None-

theless, growing evidence suggested that the enhanced 

function recovery of MSCs might not be mainly associated 

with the transdifferentiation of MSCs.20 Since MSCs can 

secrete a vast array of cytokines, chemokines, angiogenic 

factors, and growth factors, paracrine action might play an 

essential role in brain regeneration in MSCs therapy.19,20 

Therefore, it needs further clarification whether it is with a 

definite single or integrated multiple mechanisms that MSCs 

function in stroke.

In this study, we used SPION-loaded cationic poly-

mersomes to label green fluorescent protein (GFP)-MSCs 

(GFP-MSCs). Cationic polymersomes can be used to deliver 

SPION into MSCs in an efficient and rapid way.21 GFP has 

been widely used as an excellent fluorescent marker, which 

can be used to verify the presence of living stem cells and 

eliminate the interference from hemorrhaged and dead cells.22 

After GFP-MSCs were transplanted in a rat model of isch-

emic stroke, serial MRI was performed to track the long-term 

distribution and migration of grafted cells. GFP fluorescence 

was used as image labels to detect the survival and differ-

entiation of grafted cells, and then to verify the findings of 

MRI (Figure 1). The aim of this study is to determine whether 

Figure 1 schematic diagram of the synthesis of polymersomes, cell labeling, cell transplantation, MrI tracking, and long-term fate of grafted gFP-Mscs.
Abbreviations: Il, interleukin; Msc, mesenchymal stem cell; MrI, magnetic resonance imaging; PeI, poly(-etherimide); PDlla, poly(d,l-lactide); sPIO, superparamagnetic 
iron oxide.
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an MRI can accurately reflect the survival of MSCs and to 

investigate the long-term fate and potential mechanisms of 

MSCs in ischemic stroke therapy.

Materials and methods
animals
Animal experiments were approved by the Institutional 

Animal Care Committee of Sun Yat-Sen University, and all 

procedures were in accordance with the guidelines for the 

care and use of laboratory animals and the ethics review 

process of Sun Yat-Sen University. Fifty-four adult male 

SD rats, weighing 250–280 g, were used to establish animal 

models of acute ischemic cerebral injury. The animals were 

purchased from the Animal Experiment Center of Sun 

Yat-Sen University and were housed in a standard animal 

facility with standard food and ad libitum water.

cationic polymersomes and cell labeling
Cationic polymersomes were synthesized from diblock 

copolymers of poly(-etherimide) and poly(d,l-lactide) 

(PEI-PDLLA), and SPION-loaded cationic polymersomes 

were prepared and characterized as described in our pre-

vious study.21 SD rat bone marrow-derived GFP-MSCs 

were purchased from Cyagen Bioscience Technology Co. 

(Guangzhou, People’s Republic of China) and cultured 

in a standard culture medium consisting of Dulbecco’s 

Modified Eagle’s Medium (DMEM, GiBco, NY, USA) con-

taining 10% fetal bovine serum (FBS, GiBco, NY, USA), 

penicillin, streptomycin, and glutamine (Sigma, St Louis, 

MO, USA) at 37°C in a humidified 5% CO
2
 atmosphere. 

GFP-MSCs of three to five passages were used in the 

following experiments. For cell labeling, GFP-MSCs were 

incubated with SPION-loaded cationic polymersomes with 

an iron concentration of 15.0 µg Fe/mL and an incubation 

time of 1.5 h, as previously described.21 Labeling efficacy 

was assessed by Prussian blue staining, transmission elec-

tion microscopy (TEM), and in vitro MRI. Twenty-four 

hours after labeling, labeling cytotoxicity was assessed by 

detecting cell viability, apoptosis rate, and the intracellular 

reactive oxygen species (ROS) level, according to previ-

ously reported methods.21

animal model and cell transplantation
A left cerebral acute ischemic infarct was established in 54 

adult rats by using direct intraluminal suture occlusion of the 

middle cerebral artery (MCAO), as previously described.21,23 

Two days after MCAO, animals were randomly selected to 

receive stereotactic injection of 5×105 GFP-MSCs pre-labeled 

with SPION-loaded polymersomes, unlabeled GFP-MSCs, 

or phosphate-buffered saline (PBS; n=18 in each group) into 

the right striatum (stereotaxic coordinates: 3.0 mm lateral to 

bregma, 0.5 mm rostral to bregma, and 6.0 mm deep from the 

pial surface) using a 26 s gauge needle attached to a 25-µL 

Hamilton syringe mounted on a microinjector. Before the 

injection, GFP-MSCs were suspended in 3 µL PBS, and 

cell viability was determined to be greater than 90%. The 

cell suspension was injected at a constant rate of 0.3 µL/min. 

After injection, the needle was left in place for an additional 

15 min before retraction.

MrI
In vitro MRI was performed on a clinical 1.5-T system 

(Intera; Philips Medical Systems, Best, the Netherlands) 

with an 11-cm circular coil. For in vitro MRI, 5×105 labeled 

and unlabeled GFP-MSCs were harvested and suspended in 

200 µL 2% agarose gel (Invitrogen, Merelbeke, Belgium), 

and then transferred into 96-well plates. The imaging 

sequences included fast spin echo (FSE) T1-weighted images 

(T1WI) and T2-weighted images (T2WI), fast field echo 

(FFE) T2*-weighted images (T2*WI), and T2-mapping. 

T2-mapping was acquired by using single-section multi-

spin-echo sequences. The detailed acquisition parameters 

and derivation of T2 relaxation times from T2-mapping were 

described previously.21,23

In vivo MRI was performed on a clinical 3.0-T system 

(Achieva; Philips Medical Systems) with a 50×50 mm 

4-channel phased array rat coil (Shanghai Chenguang 

Medical Technologies, People’s Republic of China) at 1, 

2, 3, 4, 6, and 8 weeks after transplantation. The acquisi-

tion sequences included axial and coronal FSE T2WI (TR/

TE =800/60 ms; NSA =2) and FFE T2*WI (TR/TE =500/18 

ms; Flip angel =20°; NSA =3). Other acquisition parameters 

were field of view (FOV) =60 mm, matrix =256×256, section 

thickness/gap =1.0/0.0 mm.

The low signal volume and signal–contrast ratio of 

transplanted cells on T2WI and T2*WI at each time point 

were measured and calculated using ImageJ (NIH, Bethesda, 

MD, USA). For each slice, the hypointense region was 

manually outlined by using the method of region of interest 

(ROI). Slices of hypointense areas were then summated to 

generate low signal volume. The signal–contrast ratio at the 

injection site was expressed as a percentage and calculated 

as follows: signal–contrast ratio = (SI
NC

 - SI
HA

)/SI
NC

 ×100%. 

Where SI
NC

 represents the signal intensity of the normal 

cerebrum, and SI
HA

 represents the signal intensity of the 

hypointense area.
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Therapeutic effect
To observe the therapeutic effect of grafted cells, a modified 

neurological severity score (mNSS) was used to grade the 

neurological function recovery,24 and the infarct volume 

was measured on T2WI. All animals (n=6 for each group) 

underwent behavioral tests to obtain mNSS before MCAO 

and after 1, 2, 3, 4, 6, and 8 weeks after MRI examinations. 

mNSS is the composite of the motor (muscle status, abnormal 

movement), sensory (visual, tactile, and proprioceptive), 

and reflex tests. The higher the score, the more severe the 

injury. The infarct volume of the rat brain was measured 

using ImageJ at 1, 2, 3, 4, 6, and 8 weeks after cell trans-

plantation. The hyperintense region of cerebral infarct in 

each slice and in the contralateral hemisphere were manually 

outlined. Slice hyperintense areas were then summated to 

generate infarct volume as a percentage of contralateral intact 

brain volume.21,23

histology
Immediately after MRI, three rats in each group were ran-

domly sacrificed by anesthetic overdose, then transcardially 

perfused with saline and, further, with 4% paraformalde-

hyde in PBS at 2, 4, and 8 weeks after cells transplanta-

tion. Brains were harvested and post-fixed for 1–2 h and 

then cryoprotected in 20% sucrose solution. Conventional 

paraffin-embedding was performed, and contiguous 12-µm 

thickness sections were cut in the coronal plane.

Immunohistochemistrical staining for the macrophage 

marker CD11b and Prussian blue staining were performed 

to identify the distribution of iron particles in grafted cells 

and their relationship with macrophages. In brief, sections 

were stained with Prussian blue staining and eosin. Then, the 

same slides were co-stained with antibodies against CD11b 

(1:200; Abcam, Cambridge, UK). To determine the survival, 

differentiation, phagocytosis, and migration of transplanted 

cells, immunofluorescence staining for glial fibrillary acidic 

protein (GFAP, specific for astrocytes), neuronal nuclear 

antigen (NeuN, specific for neurons), and CD11b (specific for 

activated microglia) was undertaken. In brief, after blocking 

by goat or donkey serum for 30 min at room temperature, 

sections were incubated with primary antibodies against 

GFAP (1:200, Abcam), NeuN (1:200, Abcam) and CD11b 

(1:200, Abcam) at 4°C overnight, and then with Alexa Fluor 

647-conjugated secondary antibodies (1:200, Invitrogen) at 

room temperature in the dark for 2 h. Thereafter, the sections 

were washed three times with PBS, followed by incubation 

with DAPI for 10 min at room temperature to label the nuclei. 

After a final PBS wash, the sections were examined under a 

confocal microscope (LSM 780; Carl Zeiss). Transplanted 

cells were identified by the fluorescent GFP label under 

confocal microscopy.

The survival, differentiation, and phagocytosis of grafted 

cells were quantified semiquantitatively according to a previ-

ously described method.21,25,26 In brief, the total numbers of 

positive cells in the random, predefined rectangular fields 

(0.23×0.23 mm) were counted (×400 magnification) at the 

level of implantation. The fields were positioned in the injec-

tion site or corpus callosum by referring to positive areas 

determined by Prussian blue staining on an adjacent coronal 

section. The total numbers of GFP-MSCs co-localizing with 

other markers (GFAP, NeuN, and CD11b), as detected by 

double staining, were counted. Five fields of each section 

were randomly selected. The total number of GFP-positive 

survived cells was counted and the percentage of GFP-

positive cells was calculated per field (0.23×0.23 mm2) in the 

injection site by using the following formula: (GFP-positive 

cells/total DAPI-stained nuclei) ×100%. Five fields of each 

section were randomly selected.25

TUNel analysis
The TUNEL assay was applied to identify apoptosis of 

grafted MSCs at 1, 2, and 3 weeks after transplantation. 

TUNEL staining was performed by using an in situ apoptosis 

detection kit (Life Technologies Corporation, USA) accord-

ing to the manufacturer’s instructions. After TUNEL staining, 

the sections were examined under a confocal microscope 

(LSM 780; Carl Zeiss). The total number of TUNEL-positive 

GFP-MSCs was counted and the percentage of TUNEL-

positive cells was calculated per field (0.23×0.23 mm2) in 

the injection site by using the following formula: (TUNEL-

positive nuclei/total DAPI-stained nuclei) ×100%. Five fields 

of each section were randomly selected.25,26

enzyme-linked immunosorbent assay 
(elIsa)
ELISA assay was conducted to determine the neurotrophic 

factors and cytokine released from grafted MSCs at 2, 4, and 

8 weeks after cell transplantation. After lethal pentobarbital 

injection, rat brains were rapidly removed and the ipsilateral 

cerebral hemisphere into which cell injection was done was 

dissected on ice immediately. Then, the samples were homog-

enized in 1 g/mL homogenate buffer, and centrifuged with 

a speed of 10,000 rpm for 10 minutes at 4°C. Supernatants 

were collected for secretion measurement. The concentra-

tions of BDNF, GDNF, VEGF, and IL-6 were determined 

with ELISA kit (Boster, Wuhan, People’s Republic of China) 
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according to the manufacturer’s instructions. All samples 

were analyzed in triplicate.

statistical analysis
Data are presented as mean ± SD. Statistical comparisons 

were conducted by using two independent samples Student’s 

t-test, one-way analysis of variance (ANOVA), or two-way 

repeated measures ANOVA. Multiple comparisons were 

analyzed using the Student–Newman–Keuls test. Statistical 

analysis was conducted by using SPSS 15.0 for Windows 

(SPSS Inc., Chicago, IL, USA). p-value ,0.05 was consid-

ered statistically significant.

Results
Cell-labeling efficacy and cytotoxicity
On in vitro MRI, GFP-MSCs labeled with SPION-loaded 

polymersomes showed an obvious hypointense signal on 

T1WI, T2WI, and T2*WI, and had a decreased T2 value 

compared with unlabeled GFP-MSCs (Figure 2A). Prus-

sian blue staining revealed that almost 100% of the labeled 

GFP-MSCs were positively stained, with abundant blue-

stained particles inside cells (Figure 2B). TEM showed that 

dense iron particles were present in the cytosol (Figure 2D). 

No such blue-stained particles and iron particles were seen 

in unlabeled cells (Figure 2C and E). Cell viability, apoptosis 

rate, and intracellular ROS level in labeled cells were not 

significantly different from that in unlabeled cells (p.0.05; 

Figure 3). These indicated no noticeable detrimental influ-

ence from polymersomes-based labeling of cells.

Therapeutic effect
The infarcted brain in animals grafted with polymersomes-

labeled GFP-MSCs, unlabeled GFP-MSCs, and PBS 

appeared as hyperintense signals on T2WI (Figure 4A–C). 

The infarct volume in three groups showed a slow decline 

from Week 1 to Week 8 after transplantation. There were 

significantly lower infarct volumes in animals grafted with 

labeled and unlabeled GFP-MSCs than that in animals treated 

with PBS at 4, 6, and 8 weeks after transplantation (p,0.05), 

whereas no significant difference was found between animals 

grafted with labeled and unlabeled GFP-MSCs at each time 

point (p.0.05; Figure 4D).

Neurological functions in three groups were gradually 

recovered over time. mNSS was significantly lower in 

animals treated with labeled MSCs or unlabeled GFP-MSCs 

than that in animals treated with PBS at 3, 4, 6, and 8 weeks 

Figure 2 Efficacy of cell labeling.
Notes: In vitro MrI shows that gFP-Mscs labeled with sPION-loaded polymersomes have an obvious hypointense signal on T1WI, T2WI, and T2*WI, and decreased T2 
value compared with unlabeled gFP-Mscs (A). Prussian blue staining shows abundant blue-stained particles inside gFP-Mscs labeled with sPION-loaded polymersomes 
(B), but no blue-stained particles in unlabeled gFP-Mscs (C) (Bar =100 µm). TeM shows numerous, dense, iron particles in the cytosol (arrows) of gFP-Mscs labeled with 
sPION-loaded polymersomes (D), whereas no such iron particles are found in unlabeled gFP-Mscs (E) (Bar =200 nm).
Abbreviations: Msc, mesenchymal stem cell; MrI, magnetic resonance imaging; sPION, superparamagnetic iron oxide nanoparticle.
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after MCAO (p,0.05). No significant difference was 

found between animals grafted with labeled and unlabeled 

GFP-MSCs at each time point (Figure 4E).

In vivo MrI and cell apoptosis
After transplantation, the grafted GFP-MSCs pre-labeled 

with SPION-loaded polymersomes manifested as strong 

hypointense areas in the left striatum on T2WI (Figure 4A) 

and T2*WI (Figure 5A). These hypointense signals were 

markedly reduced in size at 2 weeks, then gradually reduced 

in size but remained until 8 weeks after transplantation on 

T2WI and T2*WI. These hypointense areas in the right 

striatum were much smaller on T2WI, compared with 

T2*WI. A spotty slightly hypointense signal was found in 

the ipsilateral corpus callosum on T2*WI at 2 weeks after 

transplantation in animals grafted with polymersome-labeled 

GFP-MSCs (Figure 5A). No such hypointense signals were 

found in the striatum and corpus callosum in animals grafted 

with unlabeled GFP-MSCs and PBS (Figure 5B and C).

The dynamic change of hypointense signal volume 

and signal–contrast ratio on T2WI and T2*WI over time 

were semiquantitatively calculated. A rapid and significant 

decrease of the hypointense signal volume was found at 

2 weeks, followed by a slight and gradual decrease at 3, 4, 6, 

and 8 weeks after cell transplantation (p,0.05; Figure 5D). 

A gradual and moderate decrease was found in the signal–

contrast ratio on T2WI and T2*WI at 2, 3, 4, 6, and 8 weeks 

(Figure 5E). Additionally, the low signal volume and signal–

contrast ratio on T2WI were significantly smaller than those 

on T2*WI at each time point (p,0.05).

To determine the reason of the rapid decrease of low 

signal volume at 2 weeks after cells transplantation, the 

survival and apoptosis of GFP-MSCs were assessed at 1, 2, 

and 3 weeks after transplantation. Histology showed that 

numerous GFP-MSCs were found at the implantation site in 

labeled and unlabeled GFP-MSCs groups 1 week after trans-

plantation, indicating successful cell engraftment and robust 

survival (Figure 6). The number of GFP-MSCs decreased 

markedly at 2 weeks after transplantation. TUNEL assay 

confirmed that the total number of apoptotic GFP-MSCs 

peaked at 1 week after transplantation (Figure 6). There 

were no statistical differences in the survival and apoptosis 

of GFP-MSCs between the labeled and unlabeled GFP-MSCs 

groups at each time point (p.0.05). In addition, the per-

centage of TUNEL-positive cells in animals grafted with 

labeled and unlabeled cells was significant higher than that 

Figure 3 In vitro cytotoxicity of cell labeling.
Notes: Graphs show no significant differences in the cell viability (A, n=6), apoptosis rate (B, n=3) and intracellular rOs level (C, n=6) at 24 h after gFP-Mscs labeling with 
sPION-loaded polymersomes compared with unlabeled gFP-Mscs. confocal laser microscopy shows that a few gFP-Mscs labeled with sPION-loaded polymersomes (D) 
and unlabeled gFP-Mscs (E) are rOs positive (arrows). Bar =100 µm.
Abbreviations: Msc, mesenchymal stem cell; rOs, reactive oxygen species; sPION, superparamagnetic iron oxide nanoparticle.
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in animals grafted with PBS at each time point (p,0.05), 

whereas no significant difference was found between animals 

grafted with labeled and unlabeled cells at each time point 

(p.0.05; Figure 6).

relationship between sPIONs and 
macrophages
Prussian blue staining showed that numerous positive cells 

were present in the injection site as were a small number 

of positive cells in the right corpus callosum in animals 

treated with labeled GFP-MSCs at 2 weeks after transplanta-

tion, which then gradually decreased over time (Figure 7). 

Iron and CD11b co-staining showed that a large fraction 

of iron-positive cells was also positive for CD11b both 

in the injection site and the corpus callosum, suggesting 

the uptake of SPION in reactive macrophages (Figure 7). 

The percentages of iron+/CD11b+ cells in the injection site 

and corpus callosum were 53.9%±5.4%, 48.1%±4.2%, 

and 42.0%±3.6%, and 19.2%±3.9%, 15.2%±3.2%, and 

9.1%±2.9%, respectively, at 2, 4, and 8 weeks after 

transplantation. The percentages of iron+/CD11b+ cells in 

the injection site and corpus callosum was significantly 

reduced at 8 weeks than that at 2 weeks after transplantation 

(p,0.05). These findings suggest that most of the trans-

planted labeled MSCs did not survive, and their iron content 

was engulfed by resident macrophages. Intracerebral iron 

particles were cleared slowly with time.

survival, differentiation, and phagocytosis 
of grafted gFP-Mscs
Immunofluorescence staining showed that GFP-MSCs 

survived in the implantation site (Figure 8). The per-

centages of surviving GFP-MSCs were 13.67%±2.10%, 

5.77%±1.61%, and 2.17%±0.51% in animals grafted with 

labeled GFP-MSCs and 14.73%±2.32%, 6.56%±1.62%, and 

2.30%±0.59% in animals grafted with unlabeled GFP-MSCs, 

Figure 4 Therapeutic effects of transplanted Mscs.
Notes: longitudinal coronal T2WI shows that the infarcted hemisphere in animals grafted with polymersome-labeled gFP-Mscs (A), unlabeled gFP-Mscs (B), and PBs (C) 
exhibited hyperintense signals. graphs show the measured infarct volume (D) and modified neurologic severity scores (E) among the three groups. *p,0.05 between labeled 
gFP-Mscs and PBs; #p,0.05 between unlabeled gFP-Mscs and PBs.
Abbreviations: mNSS, modified neurological severity score; MSC, mesenchymal stem cell; PBS, phosphate-buffered saline.
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respectively, at 2, 4, and 8 weeks after transplantation. The 

percentage of surviving GFP-MSCs that were positive for 

NeuN, GFAP, and CD11b in the injection site were 0%, 

4.9%, and 50% at 2 weeks; 0%, 3.2%, and 45% at 4 weeks; 

and 0%, 1.5%, and 35% at 8 weeks after transplantation, 

respectively. There was a gradual decline in the number of 

surviving GFP-MSCs, as well as in the differentiation and 

phagocytosis of GFP-MSCs over time. No significant dif-

ference was found in survival, differentiation, and phagocy-

tosis between the labeled and unlabeled GFP-MSCs groups 

(p,0.05). These results indicated that most of the grafted 

GFP-MSCs were dead and phagocytosed by macrophages, 

only a few viable cells were differentiated into GFAP-positive 

astrocytes, while no viable GFP-MSCs were differentiated 

into NeuN-positive neurons (Figure 8). A small portion of 

GFP-MSCs migrated into the right corpus callosum. Only a 

few GFP-positive cells were positive for GFAP and CD11b 

in the right corpus callosum, indicating that migrating cells 

were not differentiated into neurons, and were phagocytosed 

by macrophages (Figure 9).

elIsa
The secretion levels of growth factors (BDNF and GDNF), 

angiogenic factors (VEGF), and cytokines (IL-6) in three 

groups are shown in Figure 10. The secretion levels of BDNF, 

GDNF, VEGF, and IL-6 in labeled and unlabeled GFP-MSCs 

groups were significantly higher than that in the PBS group 

at each time point (p,0.05), but no significant difference 

was found between the labeled and unlabeled GFP-MSCs 

groups (p.0.05). In addition, all of these secretions peaked at 

2 weeks, but decreased at 4 and 8 weeks after transplantation 

in labeled and unlabeled GFP-MSCs groups.

Figure 5 In vivo MrI of the grafted Mscs.
Notes: longitudinal coronal T2*WI show a persistent hypointense area (arrows) in the striatum of animals grafted with polymersome-labeled gFP-Mscs (A). These 
hypointense signal areas were obviously reduced at 2 weeks, and then gradually reduced but remained until 8 weeks after transplantation. at 2 weeks after transplantation, 
a spotty hypointense area was found in the ipsilateral corpus callosum (arrow head). No obvious hypointense signal was observed in animals grafted with unlabeled gFP-
Mscs (B) and PBs (C). graphs show the hypointense signal volume (D) and signal–contrast ratio (E) on T2WI and T2*WI in animals grafted with polymersome-labeled 
gFP-Mscs. #p,0.05.
Abbreviations: Msc, mesenchymal stem cell; PBs, phosphate-buffered saline.
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Discussion
Our results showed that transplantation of MSCs could 

improve the functional outcome and reduce the infarct 

volume of stroke brain. In vivo MRI can verify the biodis-

tribution and migration of grafted cells when pre-labeled 

with SPION-loaded polymersomes. The dynamic change of 

low signal volume on MRI can reflect the tendency of cell 

survival and apoptosis, but may overestimate long-term graft 

survival owing to the presence of iron-laden macrophages 

around cell grafts. Most of the grafted MSCs died early; 

only a small fraction of grafted cells survived up to 8 weeks 

after transplantation. A minority of surviving cells differ-

entiated into astrocytes, but not into neurons. MSCs might 

exert their therapeutic effect via paracrine factors rather 

than in vivo transdifferentiation into neuronal and/or glial 

phenotypes.18,19

Maintaining long-term survival, accurate homing, and 

migration of stem cells must first be accomplished before 

clinical applications in humans.27 MRI has been the most 

widely investigated imaging modality for in vivo tracking 

of the biodistribution and migration of stem cells in a 

stroke.9–11,23 In our study, MSCs were labeled by using 

SPION-loaded cationic polymersomes with a relatively low 

SPION concentration and an obviously short labeling period. 

This labeling had no adverse effects on cell viability, apop-

tosis and oxidative stress. The grafted, labeled MSCs was 

detected as a persistent hypointense signal in the injection 

site up to 8 weeks after transplantation. Histology showed 

that a small portion of grafted cells migrated into the corpus 

callosum. These cells appeared as a slight hypointense 

signal on MRI as well. A previous study has revealed that 

a hypointense signal outside the primary implantation site 

indicated the migration of grafted stem cells.11 The migra-

tional behavior of biologically active cells can be accurately 

tracked by MRI, based on the emergence of such a developing 

signal. Taken together, MRI is well-suited for detection and 

verification of the cell distribution and migration with high 

image resolution.

Figure 6 apoptosis and survival of gFP-Mscs at implantation site.
Notes: TUNel analysis shows that apoptotic cells peaked at 1 week, and then decreased over time in animals grafted with labeled gFP-Mscs (A), unlabeled gFP-Mscs 
(B), and PBs (C). graph show the percentages of TUNel-positive cells in animals grafted with labeled and unlabeled gFP-Mscs (D). graph shows the number of apoptotic 
gFP-Mscs in animals grafted with labeled and unlabeled gFP-Mscs (E). graph shows the percentage of viable gFP-positive cells in animals grafted with labeled and unlabeled 
gFP-Mscs (F). *p,0.05 between labeled gFP-Mscs and PBs; #p,0.05 between unlabeled gFP-Mscs and PBs; Bar =15 µm.
Abbreviations: Msc, mesenchymal stem cell; PBs, phosphate-buffered saline.
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However, whether MRI tracking of stem cells can reli-

ably evaluate long-term cell engraftment and cell survival 

remains controversial.9,13,16,17 It has been reported that SPION-

based MRI cannot provide reliable information on long-term 

viability and might overestimate the survival of SPION-

labeled stem cells in myocardial infarction.13,14 In our study, 

the dynamic change of low signal volume on MRI was con-

sistent with the change pattern of the number of viable cells. 

Notably, a remarkable drop in low signal volume occurred 

at 2 weeks after transplantation. This finding has not been 

reported in previous studies on myocardial infarction.13,14,16 

As histology revealed a remarkable cell apoptosis at 1 week 

after transplantation, the apoptosis of grafted cells might 

mainly contribute to the drop of such low signal volume. Our 

results also showed that a small fraction of MSCs can survive 

for a long period of 8 weeks after transplantation. Along 

with the surviving cells in the implantation site, there were 

reactive macrophages that phagocytosed dead, grafted cells. 

This results in overestimation of the true size of the viable 

stem cell mass with MRI, which is consistent with the 

Figure 7 relationship between sPIONs and macrophages.
Notes: representative photomicrographs of iron and cD11b co-staining show that many iron+/cD11b+ cells (dark blue cells) are present in the injection site (A) and in 
the corpus callosum (B) in animals grafted with polymersome-labeled gFP-Mscs. graphs show the percentages of iron+/cD11b+ cells in the injection site (C) and corpus 
callosum (D). *p,0.05. Bar =25 µm.
Abbreviations: Msc, mesenchymal stem cell; sPIONs, superparamagnetic iron oxide nanoparticles.
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findings observed in acute myocardial infarction.13,14,16 Taken 

together, our results indicate that MRI of SPION-labeled stem 

cells can be used to verify the successful implantation of stem 

cells, visualize the biodistribution, and alert substantial loss 

of viable stem cell mass.

At present, the cause of the persistent hypointensity on 

MRI, especially after much of the grafted labeled cells died, 

remains controversial. Hypointensities detected on MRI refer 

only to iron oxide particles themselves, but cannot give any 

information on the type or viability of labeled cells.15 Besides 

iron particles retained in labeled cells, the persistence of 

hypointensities may be affected by the imbalance between the 

massive iron oxide particles released from the dead labeled 

stem cells and the relatively restricted iron oxide clearance 

capacity of the brain.17 It is well known that the iron oxide 

clearance was mainly through endogenous macrophages/

microglia engulfment, which are then taken away by cerebral 

blood flow.16,17 In contrast, persistent hypo-signal intensities 

on MRI after stem cell transplantation were found to mainly 

arise from hematogenous macrophages that engulfed SPION 

in myocardial infarction,13,14 or extracellular iron particles 

entrapped in the myocardial interstitial space.17 The lack 

of monocyte-macrophage-like cells and blood flow in the 

ischemic or necrotic myocardium caused slow clearance of 

iron oxide that is released from dead SPION-labeled stem 

cells in the ischemic or necrotic region. The residual SPIONs 

in the myocardial interstitial space, thus, mainly resulted in 

the hypo-signal intensity on MRI.17 In our study, histology 

Figure 8 histology of the grafted cells in the injection site.
Notes: Fluorescence immunostaining micrographs show that gFP-Mscs remained in the injection site in animals grafted with polymersome-labeled gFP-Mscs and unlabeled 
gFP-Mscs. Only a few surviving gFP-Mscs differentiated into gFaP-positive astrocytes (arrows), but not into NeuN-positive neurons. a large number of cells were 
phagocytized by macrophages (arrows) (A). graphs show the numbers of gFaP+gFP+ (B), cD11b+gFP+ (C), and the percentage of gFP-Mscs (D) in animals grafted with 
polymersome-labeled gFP-Mscs and unlabeled gFP-Mscs. Bar =15 µm.
Abbreviation: Msc, mesenchymal stem cell.
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revealed that persistent hypointensities mainly resulted from 

SPION-engulfed macrophages, rather than the extracellular 

free iron oxide in the interstitial space.

MSCs have shown great promise in regenerating the 

injured brain and restoring its function in preclinical studies.2 

However, several clinical trials have shown that the thera-

peutic effect was transient and marginal.6,28 Low cell survival 

and poor engraftment at the site of injury are thought to be 

major limiting factors mediating unsatisfactory outcomes 

in MSC-based therapeutics. A survival rate of 1%–32% of 

implanted cells in myocardial infarction25 and less than 3% 

engraftment rate in heart and liver injury models have been 

reported.7,29 In our study, only 13.67%–14.73% of grafted 

MSCs survived in the injection site, and the number of viable 

MSCs reduced gradually over time. Most of grafted MSCs 

died, initially, because of apoptosis and, subsequently, 

because of phagocytosis by macrophages. A small portion of 

grafted MSCs survived even at 8 weeks after transplantation. 

The survival rate of grafted MSCs in our study was slightly 

higher than in previous studies on the normal brain, stroke, 

and myocardial infarction.7,29,30 This may be attributed to 

the nature of the ischemic brain and the different experi-

ment models. The intact adult brain has a limited capacity 

to direct the differentiation of grafted stem cells,30 whereas 

the injured brain expresses morphogenic cues that appear to 

foster donor plasticity.31

The exact causes of low cell survival and poor engraft-

ment remains unclear. Possible reasons might include 

Figure 9 histology of migrating cells in the corpus callosum.
Notes: Fluorescence immunostaining micrographs show that a small amount of gFP-Mscs migrated to the corpus callosum in animals treated with polymersome-labeled 
cells and unlabeled cells. Only a few surviving gFP-Mscs were differentiated into gFaP-positive astrocytes (arrows) and were phagocytized by macrophages (arrows), 
but no cells differentiated into NeuN-positive neurons (A). graphs show the numbers of gFaP+gFP+ (B), cD11b+gFP+ (C), and gFP-Mscs (D) in animals grafted with 
polymersome-labeled gFP-Mscs and unlabeled gFP-Mscs. Bar =15 µm.
Abbreviation: Msc, mesenchymal stem cell.
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hypoxia, serum deprivation-induced apoptosis, necrosis, 

mechanical damage, immunological rejection, and infiltration 

of inflammatory microglia.7,8,32 Among them, hypoxia- and/or 

serum deprivation-induced apoptosis and immunological 

rejection are the major factors.30,32 In our study, the total 

number of apoptotic GFP-MSCs peaked at 1 week, and 

then gradually decreased over time. It indicates that pro-

tection of grafted stem cells against apoptosis in the acute 

phase is critical for successful cellular therapy. In addition, 

immunological rejection is another major obstacle for the 

survival and stable integration of stem cells grafted to the 

adult brain.30 In our study, reactive microglia were present 

after cell transplantation. Consistent with reports in previous 

studies,30,33 most of these microglia engulfed iron particles 

from dead MSCs, which peaked at 2 weeks and persisted at 

least 8 weeks after transplantation, Traditionally, MSCs have 

been considered to have multiple immunosuppressive prop-

erties, which would not stimulate alloreactivity, but could 

exert suppressive effects on T-cell proliferation, stimulation, 

and mixed lymphocyte reactions in host tissues.34 However, 

such an immune-privileged status of MSCs was challenged in 

in vivo applications.30 A recent study showed that autologous 

and allogeneic MSCs did not activate microglia themselves 

in vitro, but highly activated microglia after implantation 

in vivo.33 The reason might be that the dynamic interaction 

between immune cells and the injured neural parenchyma 

associated with surgical cell transplantation enables the brain 

to vigorously respond to the grafted stem cells, resulting in 

poor survival of the majority of transplanted MSCs.33

The precise mechanisms underlying MSC-mediated 

functional recovery in ischemia stroke are still unclear. 

A number of divergent mechanisms have been proposed, 

Figure 10 elIsa of grafted Mscs.
Notes: graphs show the concentration levels of BDNF (A), gDNF (B), VegF (C), and Il-6 (D) in animals grafted with polymersome-labeled gFP-Mscs, unlabeled gFP-
Mscs, and PBs. *p,0.05 between labeled gFP-Mscs and PBs; #p,0.05 between unlabeled gFP-Mscs and PBs.
Abbreviations: Il, interleukin; Msc, mesenchymal stem cell; PBs, phosphate-buffered saline.
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such as differentiation into cell types relevant to repair and 

cell replacement, modulation of the immune system, secre-

tion of neuroprotective and neurotrophic factors, and promo-

tion of angiogenesis and neurogenesis.18,19 In our study, only 

a few viable MSCs were differentiated into astrocytes, but 

not into neurons. Both labeled and unlabeled GFP-MSCs 

offered a therapeutic benefit on stroke. This indicates that 

cell replacement might not mainly be responsible for the 

beneficial effect of stem cells. MSCs can secrete a vast array 

of cytokines, chemokines, angiogenic factors, and growth 

factors in the host, which might play an essential role in 

brain regeneration in the treatment of stroke.19 In our study, 

expression levels of BDNF, GDNF, VEGF, and IL-6 in 

animals grafted with labeled and unlabeled MSCs increased 

markedly and showed a peak at 2 weeks, followed by a 

gradual decrease at 4 and 8 weeks after transplantation. This 

dynamic secretion change was well matched with the gradual 

decrease in the number of surviving stem cells. BDNF and 

GDNF are essential neurotrophic factors that can mediate 

neuroprotective effects on ischemic brain injury.35 VEGF 

expression promotes angiogenesis in the ischemic brain.36 

IL-6 plays a vital role in immune regulation mediated by 

MSCs in the treatment of ischemic stroke.37,38 Therefore, 

the main mechanisms of MSCs in stroke therapy are prob-

ably associated with a paracrine effect in neuroprotective, 

angiogenic, and immunoregulatory ways via BDNF, GDNF, 

VEGF, and IL-6. However, further in-depth investigations 

are needed to elucidate the exact mechanisms underlying 

MSC-mediated tissue regeneration and functional recovery 

in ischemia stroke.

In conclusion, our results suggest that MRI of stem cells 

labeled with SPION-loaded polymersomes can be used to 

verify the biodistribution and migration of grafted stem cells 

and to imply the massive viable cell loss. However, this 

technique may also overestimate the survival of labeled stem 

cells because of the coexistence of immunoreaction. MSCs 

might exert their therapeutic effects via paracrine action, 

rather than direct cell replacement through differentiation 

into neuronal and/or glial phenotypes.
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